Roberts MD, Childs TE, Brown JD, Davis JW, Booth FW. Early depression of Ankrd2 and Csrp3 mRNAs in the polyribosomal and whole tissue fractions in skeletal muscle with decreased voluntary running. J Appl Physiol 112: 1291-1299, 2012. First published January 26, 2012 doi:10.1152/japplphysiol.01419.2011.-The wheellock (WL) model for depressed ambulatory activity in rats has shown metabolic maladies ensuing within 53-173 h after WL begins. We sought to determine if WL beginning after 21-23 days of voluntary running in growing female Wistar rats affected the mRNA profile in the polyribosomal fraction from plantaris muscle shortly following WL. In experiment 1, WL occurred at 0200 and muscles were harvested at 0700 daily at 5 h (WL5h, n ϭ 4), 29 h (WL29h, n ϭ 4), or 53 h (WL53h, n ϭ 4) after WL. Affymetrix Rat Gene 1.0 ST Arrays were used to test the initial question as to whether WL affects mRNA occupancy on skeletal muscle polyribosomes. Using a false discovery rate of 15%, no changes in mRNAs in the polyribosomal fraction were observed at WL29h and eight mRNAs (of over 8,200 identified targets) were altered at WL53h compared with WL5h. Interestingly, two of the six downregulated genes included ankyrin repeat domain 2 (Ankrd2) and cysteine-rich protein 3/muscle LIM protein (Csrp3), both of which encode mechanical stretch sensors and RT-PCR verified their WL-induced decline. In experiment 2, whole muscle mRNA and protein levels were analyzed for Ankrd2 and Csrp3 from the muscles of WL5h (4 original samples ϩ 2 new), WL29h (4 original), WL53h (4 original ϩ 2 new), as well as WL173 h (n ϭ 6 new) and animals that never ran (SED, 4 -5 new). Relative to WL5h controls, whole tissue Ankrd2 and Csrp3 mRNAs were lower (P Ͻ 0.05) at WL53h, WL173h, and SED; Ankrd2 protein tended to decrease at WL53h (P ϭ 0.054) and Csrp3 protein was less in WL173h and SED rats (P Ͻ 0.05). In summary, unique early declines in Ankrd2 and Csrp3 mRNAs were identified with removal of voluntary running, which was subsequently followed by declines in Csrp3 protein levels during longer periods of wheel lock. inactivity; genes; skeletal muscle; mechanosensors; adaptation; exercise; disuse; atrophy HUMANS AND RODENTS are not genetically equipped to sustain health with a sedentary lifestyle (12). For example, chronic physical inactivity inflicts profound metabolic consequences (e.g., insulin resistance, cardiovascular disease, dyslipidemia, losses in muscle mass and strength, etc.), with these maladies inevitably leading to a substantially diminished quality and length of life (13, 37). Our laboratory has used the rodent voluntary wheel-lock (WL) model to demonstrate that metabolic dysfunction rapidly ensues following the cessation of routine voluntary exercise. Specifically, insulin-stimulated glucose uptake, insulin receptor ligation, insulin receptor activation, Akt activation, and GLUT4 protein levels have been shown to be reduced to sedentary levels in the epitrochlearis muscle following 53 h of wheel lock in Fischer 344 ϫ Brown Norway rats (29). Laye et al. (30) also determined that 1) fatty acid oxidation diminished to "sedentary" levels within 7 days of WL in the red gastrocnemius muscles of rats that ran 6 wk prior, and 2) body growth was stunted over the 7-day WL period in these animals vs. animals that had continuous running wheel access. Hence, taken together, the data suggest that when hours to days of physical inactivity is present, unknown intramuscular "immediate response" mechanisms set the foundation as obligatory first steps for development of later longerterm maladies such as insulin resistance and losses in muscle mass if the lack of physical activity persists. Valuably, the aforementioned data from our lab led to later human data (28) confirming that insulin sensitivity and leg lean mass were significantly lower merely 2 wk after reducing normal daily ambulatory activity levels (daily steps reduced from 10,501 to 1,344) in healthy, previously nonexercising male subjects. The data also suggest that the rodent WL model parallels the metabolic phenomena discovered with human reduced stepping studies, and thus can potentially yield mechanistic clues describing the hierarchical molecular events initiated by drastic reductions in daily physical activity.
HUMANS AND RODENTS are not genetically equipped to sustain health with a sedentary lifestyle (12) . For example, chronic physical inactivity inflicts profound metabolic consequences (e.g., insulin resistance, cardiovascular disease, dyslipidemia, losses in muscle mass and strength, etc.), with these maladies inevitably leading to a substantially diminished quality and length of life (13, 37) . Our laboratory has used the rodent voluntary wheel-lock (WL) model to demonstrate that metabolic dysfunction rapidly ensues following the cessation of routine voluntary exercise. Specifically, insulin-stimulated glucose uptake, insulin receptor ligation, insulin receptor activation, Akt activation, and GLUT4 protein levels have been shown to be reduced to sedentary levels in the epitrochlearis muscle following 53 h of wheel lock in Fischer 344 ϫ Brown Norway rats (29) . Laye et al. (30) also determined that 1) fatty acid oxidation diminished to "sedentary" levels within 7 days of WL in the red gastrocnemius muscles of rats that ran 6 wk prior, and 2) body growth was stunted over the 7-day WL period in these animals vs. animals that had continuous running wheel access. Hence, taken together, the data suggest that when hours to days of physical inactivity is present, unknown intramuscular "immediate response" mechanisms set the foundation as obligatory first steps for development of later longerterm maladies such as insulin resistance and losses in muscle mass if the lack of physical activity persists. Valuably, the aforementioned data from our lab led to later human data (28) confirming that insulin sensitivity and leg lean mass were significantly lower merely 2 wk after reducing normal daily ambulatory activity levels (daily steps reduced from 10,501 to 1,344) in healthy, previously nonexercising male subjects. The data also suggest that the rodent WL model parallels the metabolic phenomena discovered with human reduced stepping studies, and thus can potentially yield mechanistic clues describing the hierarchical molecular events initiated by drastic reductions in daily physical activity.
The advent of large-scale expression profiling paired with bioinformatics has enabled researchers to delineate potential causal mechanisms that precede inactivity-related diseases (38) . Likewise, recent studies (17, 32) have employed sucrose polyribosome gradients coupled with expression profiling to determine how an environmental disruptor affects the "translatome," or mRNAs that are loaded onto polyribosomes, which contribute to translational outcomes. Thus microarray analysis of the polyribosomal fraction enable researchers to gain greater insights into questions, such as 1) are alterations of these mRNAs due to changes in the total unbound mRNA and/or due to selective loading of specific mRNAs, or 2) are altered mRNAs in the polyribosomal profile reflected later at the protein level?
Therefore, the purpose of this study was to determine how abruptly ceasing physical activity using the WL model affects the global profile of mRNAs in the polyribosomal fraction of skeletal muscle within a 53-h period. We then sought to determine if total mRNA and/or protein levels of targets identified were altered. Based upon the aforementioned litera-ture, we hypothesized that mRNAs related to insulin signaling, fatty acid oxidation, mitochondrial biogenesis, and/or the maintenance of muscle mass would be affected in the polyribosomal fraction by 29 h of experimentally induced physical inactivity and that the protein levels of these genes would follow at 53 h of WL.
MATERIALS AND METHODS
Experimental design. A multistep experimental design was employed to examine the effects of cessation of voluntary running, or forced inactivity via WL, on early changes in the intramuscular milieu. Experiment 1 examined changes in mRNAs in the polyribosomal fraction with the intent of identifying candidate changes in gene expression that are altered with forced inactivity up to 53 h post-WL. Selected targets were then analyzed at the total RNA and protein levels on a subset of new animals in follow-up experiment 2. The purpose of this experiment was to determine if similar changes that occurred in the polyribosome fraction of animals in experiment 1 occurred in wheel-locked animals of experiment 2 at 1) whole tissue mRNA levels, and/or 2) protein levels. The overall purpose of this experimental design was to the set the foundation for our longer-term aim of identifying genes that are altered at the mRNA and protein level in response to physical inactivity.
Animals. Female Wistar rats from the fourth generation of a selective breeding experiment were used in the present study whereby the 13 families had been bred to voluntarily run high distances on a nightly basis (i.e., high voluntary runner or HVR rats). Each rat in the founder population of 159 founder rats (79 females and 80 males) was of different parentage, so selection was not among brothers and sisters. A prearranged schedule of matings followed a simple sequence based on assigned family number to minimize rebreeding (18) . Female rats aged 28 -49 days old during the experimental treatments were selected to obtain a large drop in voluntary running upon WL; of note, female rats run longer distances than male rats (see Ref. 15 for references). Rats were housed in temperature-controlled animal quarters (21°C) with 0700 -1900 light:1900 -0700 dark cycles that were maintained throughout the experimental period and all animals were provided standard chow and water ad libitum. On the days of animals were euthanized, muscle extractions were performed using standard anesthetic procedures (ip injection of pentobarbital sodium, 60 mg/kg body mass). All animals were then euthanized while still under deep anesthesia via cervical dislocation. The Institutional Animal Care and Use Committee at the University of Missouri-Columbia approved all methods.
Experimental protocol. At the age of 28 days, all animals were switched into cages that contained running wheels (circumference: 0.345 m) where they were allowed to voluntarily run (Fig. 1) . Nightly running distances were recorded using Sigma Sport BC 800 bicycle computers (Cherry Creek Cyclery, Foster Falls, VA), and rats averaged 12.1 km per night before WL.
For experiment 1 ( Fig. 1) , rats had their wheels locked at 0200 and had muscles extracted at 0700 either 5 h (WL5h, n ϭ 4), 29 h (WL29h, n ϭ 4), or 53 h (WL53h, n ϭ 4) post-WL; 0200 was chosen as the wheel-lock time point due to the fact that this tended to be their peak running period. All rats continued running to 0400, but most did not run after 0530 with the dark cycle ending at 0700. Thus locking the rat's wheels at 0200 was the best guarantee that inactivity had not already begin in the dark period. Plantaris muscles were extracted, flash-frozen in liquid nitrogen, and stored at Ϫ80°C until further analysis. Determination of mRNAs in the polyribosomal fraction was examined using expression profiling per methods discussed below. The plantaris muscle was examined because it has been extensively studied with rodent voluntary wheel running studies and has been shown to be malleable with regard to activity-induced adaptations; for instance, studies have determined voluntary running to increase fastoxidative glycolytic fiber proportion, muscle protein synthesis rates, and markers of mitochondrial biosynthesis in the plantaris muscle (16, 23, 24, 33, 36) .
For experiment 2 ( Fig. 1) , plantaris muscles from original WL5h (n ϭ 4) to WL53h (n ϭ 4) as well as additional animals for WL5h (ϩ2 for n ϭ 6 total), WL53h (ϩ2 for n ϭ 6 total), and WL173h (n ϭ 6) were used. Finally, an age-matched group of sedentary HVR rats (SED, n ϭ 5) were studied to compare all Ankrd2 and Csrp3 total mRNA and protein to all of the aforementioned exercise groups.
Sucrose polyribosome gradients. To study the acute affects that forced inactivity exhibited on muscle polyribosome profiles, sucrose density gradients for the WL5h (n ϭ 4), WL29h (n ϭ 4), and WL53h (n ϭ 4) groups were generated from the plantaris muscles using the modified methods of Baar and Esser (3). The night before centrifugation, sucrose gradients were constructed by pipetting 1.7 ml each of 0.5, 0.7, 0.9, 1.1, and 1.2 M sucrose dissolved in polyribosome buffer (described below) atop a 0.5-ml bed of 2.0 M sucrose into 13.2-ml polyallomer tubes (Beckman Coulter, Brea CA). Gradients were then stored at 4°C overnight to allow for sucrose concentration linearization. The morning of centrifugation, muscles were powdered using a mortar/pestle cooled with liquid N 2, and ϳ100 -110 mg of powdered tissue was homogenized on ice with polyribosome buffer [100 mg tissue per 1.25 ml buffer; stock: 50 mM Tris·HCl (pH 7.4), 250 mM KCl, 25 mM MgCl 2 ϩ 0.25 mM dithiothreitol, 1 mg/ml cyclohexamide and 4 U/ml RNasin (Promega, Madison WI) added prior to homogenizing] using a type A Dounce glass homogenizer. Homogenates were then centrifuged for 5 min at 4°C and 5,000 g to pellet cellular debris and the supernatant was removed and recentrifuged for 15 min at 4°C and 15,000 g. Approximately 800 l of the resulting supernatant was applied to individual gradients, the gradients were placed in a Beckman swinging bucket rotor (SW41Ti), and the Bottom panel indicates that plantaris muscles from original WL5h (n ϭ 4) and WL53h (n ϭ 4) as well as additional animals for WL5h (ϩ2 for n ϭ 6 total) and WL53h (ϩ2 for n ϭ 6 total), were used. gradients underwent ultracentrifugation for 180 min at 33,000 rpm at 2°C.
Immediately following centrifugation, 2.5 M sucrose solution was pumped into the bottom of each gradient and the effluent was monitored at A 254 using a UV-vis spectrophotometer (Beckman Coulter) and flow-through quartz cell. For each sample, ϳ1.25 ml of effluent was evenly collected in nine tubes (or fractions) and immediately stored at Ϫ80°C until RNA extraction.
Isolation of mRNAs in the polyribosomal fraction and expression profiling. Based upon the polyribosomal tracings from preliminary liver and gastrocnemius muscle assays (data not shown), as well as the expertise of others that have published using these methods, we determined fractions 5-8 to contain mRNAs in the polyribosomal fraction. Likewise, fractions were analyzed using the Experion Automated Electrophoresis Station and StdSens RNA chips according to manufacturer's instructions (Bio-Rad, Hercules, CA) to confirm the presence of 5S, 18S, and/or 28S bands in polyribosomal vs. nonpolyribosomal fractions (Fig. 2) .
RNA from fractions 5-8 of each animal was isolated using the Trizol reagent protocol (Sigma, St. Louis, MO) by using 1 ml of reagent per 0.6 ml of sucrose. The resultant RNA pellets from fractions 5-8 were each dissolved in 15 l of RNase-free water, and these volumes were combined to create a stock solution of polyribosomal RNA for each animal. A 1.5-l aliquot of each polyribosomal RNA stock solution was quantified using a Nanodrop spectrophotometer (Thermo Fisher Scientific, Wilmington, DE) and 25 ng of each sample was tested for RNA quality using the Experion Automated Electrophoresis Station and StdSens RNA chips according to manufacturer's instructions (Bio-Rad, Hercules, CA). The described sucrose polyribosome gradient and RNA isolation procedures yielded high-quality, undegraded RNA with RNA Quality Indicator values averaging 9.1 Ϯ 0.8 (means Ϯ SD). Note that this rating is provided by the Experion software and is a multiparameter indicator of RNA quality whereby 1 is poor and 10 is excellent.
Microarray procedures were performed at the University of Missouri DNA Core. Polyribosomal RNA (ϳ300 ng) was used to make biotin-labeled antisense RNA (aRNA) using the MessageAmp Premier RNA amplification kit (Ambion, Austin, TX) according to the manufacturer's recommendations. Briefly, mRNA in the polyribosomal fraction was reverse transcribed to yield first strand cDNA in a chemical reaction containing Array Script reverse transcriptase and oligo(dT) primers containing a 5=-T7 promoter. The first strand cDNA then underwent second-strand synthesis to create a double-stranded template for in vitro transcription. Biotin-labeled aRNA was subsequently synthesized using T7 RNA transcriptase and biotin-NTP mix. Labeled aRNA was purified and fragmented in 1ϫ fragmentation buffer at 94°C for 35 min. For each sample, 130 l of hybridization solution containing fragmented aRNA (50 ng/l) was hybridized to the GeneChip Rat Gene 1.0 ST Array (Affymetrix, Santa Clara, CA) at 45°C for 20 h. Following hybridization, chips were washed and stained with R-phycoerythin-streptavidin on the Affymetrix Fluidics Station 450. Arrays were subsequently scanned, and data were collected using an Affymetrix GeneChip Scanner 3000 controlled by GCOS 1.2 software. It should be noted that one chip per animal was used to determine translatome alterations with WL, and no chip was used twice. Therefore, 4 chips were used at each time point for a total of 16 chips.
Real-time PCR mRNA in the polyribosomal and whole tissue fractions. Selected mRNAs found to be altered in the polyribosomal fraction with forced inactivity during experiment 1 [ankyrin repeat domain 2 (Ankrd2) and Csrp3 (Muscle LIM protein)] were confirmed with real-time PCR using mRNA specific primers [Ankrd2: forward (5=-3=) CGGGATCCAGAACCTCATAGAA, reverse CAAGGGCATCTC GCTTTTTC; Csrp3: forward GCCTGCGACAAGACGGTTTA, reverse ATGGAAGCTCCT CCCATTGC; 18S: forward GCCGCTAGAGGT-GAAATTCTTG, reverse CATTCTTGGCAAATGCTTTCG]. For experiment 2, tissues were powdered in liquid nitrogen, 20 -30 mg of tissue was placed in Trizol, and tissue lysis was performed using a high-speed shaking apparatus with stainless steel beads (Tissuelyser LT, Qiagen, Valencia CA). To prevent RNA degradation, samples were kept on ice until lysed at 20 Hz for 2 min. Total RNA was then isolated using the Trizol method according to manufacturer's instructions and RNA quality was confirmed on a 1% agarose gel. One microgram of RNA was reverse transcribed using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad, CA) using random hexamer primers. Twenty-five nanograms of cDNA from each sample was then assayed for Ankrd2, Csrp3, and 18S (housekeeping gene) using gene-specific primers and SYBR green chemistry (Power SYBR green Mastermix, Applied Biosystems). Primer efficiency curves for all genes were generated and efficiencies ranged between 90% and 110%. Of note, CT values of 18S rRNA were similar in the polysomal fractions from WL5h to WL53h (P ϭ 0.78) and whole tissue fractions from WL5h to WL173h (P ϭ 0.86).
Western blotting. Approximately 30 mg of powdered muscle from WL5h, WL29h, WL53h, WL173h, and SED animals was homogenized on ice in RIPA buffer [50 mM Tris·HCl (pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 1% SDS, 1ϫ protease inhibitor cocktail, 1ϫ phosphatase inhibitor I and II cocktails] using a Tissuelyser at 20 Hz for 2 min (Qiagen). The homogenate was centrifuged at 12,000 g for 10 min, and the resultant supernatant was obtained for Western blotting. Protein concentrations were obtained using the BCA assay (Bio-Rad) and 30 g of protein in loading buffer was loaded onto 10% SDS-PAGE gels (for Ankrd2) or 15 g of protein was loaded onto 4 -20% gradient gels (for Csrp3). Proteins were transferred onto nitrocellulose membranes and all blots were then incubated with Ponceau S (Sigma) and verified equal loading in all lanes. Primary antibodies [rabbit polyclonal Ankrd2 at 1:1,000 (ProteinTech Group, Chicago, IL); rabbit polyclonal Csrp3 1:5,000 (Abcam, Cambridge, MA); rabbit polyclonal ERK 1:1,000 (phospho and pan; Cell Signaling, Danvers, MA)] were diluted in Tris-buffered saline ϩ Tween 20 (TBST) with 5% BSA and applied to membranes overnight at 4°C. Horseradish peroxidase-conjugated secondary antibody (1:2,000) was then applied to membranes for 1 h at room temperature in TBST with 5% nonfat milk (Bio-Rad), and ECL substrate (Pierce Biotechnology, Rockford, IL) was applied for 5 min prior to exposure. For Ankrd2 and Csrp3 protein detection, membranes were stripped and reprobed by incubating membranes for 30 min at 50°C in stripping buffer (per 100 ml water: 0.76 g Tris base, 2 g SDS, 700 l of ␤-mercaptoethanol) and rinsed 5ϫ (5 min per rinse) with TBST. Membranes were first probed for Ankrd2 followed by Csrp3. Band densitometry was performed through the use of Kodak 4000R Imager and Molecular Imagery Software (Kodak Molecular Imaging Systems, New Haven, CT).
Bioinformatics and statistics. Analysis of microarray gene expression data was done by J. Wade Davis using the Linear Models for Microarray Data (limma) package (21) and the affy package (20) , available through the Bioconductor project (22) for use with R statistical software. Data quality was examined through an extensive battery of metrics obtained via custom modifications made to affyQCReport package to make it compatible with ST arrays. Within affy, quantile normalization was used for between-chip normalization and RNA for background adjustment. For summarizing probe set measurements, median polish and PM-only probes were used. Nonspecific filtering of control probe sets and probe sets with little to no variability across all chips (IQR Ͻmedian IQR) were excluded from further statistical analyses to reduce false positives, as they contain very little information content relative to the analysis at hand. Probe sets were filtered out that did not map to an Entrez GeneID. After this preprocessing was completed, the statistical analysis was performed by J. Wade Davis using an empirical Bayesian moderated t-test (44) applied to normalized intensity for each gene, where a pre hoc same time of the day comparison was selected. The WL29h and WL53h groups were compared with the WL5h group. The comparisons are expressed as fold changes (WL53h/WL5h) along with nominal (unadjusted) and adjusted P values. Adjustment to the P values was made to account for multiple testing using the false discovery rate (FDR) method of Benjamini and Hochberg (10) . We chose 15% as our FDR cutoff for declaring statistical significance, and a threshold of at least 1.5-fold (up or down) for declaring a biologically significant change in expression, which is commonly used in microarray studies (11) .
All RT-PCR data are presented as 2 ⌬CT mean Ϯ SE values (⌬CT ϭ 18S C T Ϫ gene of interest CT) and are normalized to WL5h data. For groups having RT-PCR performed on different days, WL5h samples were repeated to normalize WL5h to 1.0. Between-group differences in all RT-PCR data were compared on raw ⌬C T values using separate one-way ANOVAs. Separate one-way ANOVAs were also used to analyze Western blotting data. When a treatment effect was obtained, independent sample t-tests were performed between WL5h vs. WL29h-WL173h groups, P values were manually adjusted for multiple comparisons, and significance was indicated by single (0.01 Ͻ P Ͻ 0.05) or double asterisks (P Ͻ 0.01) in each respective figure.
RESULTS
Eight mRNAs were altered in the polyribosomal fraction at 53 h of forced inactivity. mRNAs were significantly altered in the polyribosomal fraction with 53 h of forced inactivity (WL53h) relative to continuously active controls (WL5h), as discovered through expression profiling, and presented in Table 1 . Eight mRNAs in the polyribosomal fraction were altered at WL53h (Hmg1l1: Ϫ4.76-fold; Ankrd2: Ϫ2.22-fold; Gpnmb: Ϫ2.04-fold; Csrp3: Ϫ1.79-fold; Wfs1: Ϫ1.75-fold; Ak3l1: Ϫ1.63-fold; as well as Lgi2: ϩ1.62-fold; and Serpinb1a: ϩ1.52-fold). The downregulation of Ankrd2 and Csrp3 mRNAs in the polyribosomal fraction were selected from the eight altered targets to be candidates for further study with verification of microarray results with RT-PCR, along with whole tissue fraction mRNA and protein determinations because of their putative functions as mechanical stretch sensors (discussed in later paragraphs) and their previous decrease with hindlimb immobilization by us (38) . Note that no mRNAs were significantly altered in the polyribosomal fraction with 29 h of wheel lock with microarray analysis (WL29h) compared with WL5h.
Polyribosomal profiling of liver tissue verified the polyribosomal RNA isolation technique before the mRNA profiling polyribosomes of skeletal muscle following wheel lock. Nonetheless, polysome peak signals were not as high as reported in the literature likely because 1) our sample was somewhat diluted in sucrose gradient buffer (the tissue homogenate was Note that all genes possess a false discovery rate (FDR) adjusted P value of Յ15% to account for multiple comparisons. WL, wheel lock; WL5h and WL53h are 5 and 53 h after WL, respectively. 800 l and it was diluted in ϳ10-ml sucrose columns); and 2) the stressor from discontinuing running did not produce a profound effect on the polysome peak, which is commonly seen in resistance training studies (3, 17) . Since we were inexperienced in polysome profiling, our polyribosomal profiles (before performing the mRNA arrays) were shared with three experts in polyribosomal profiling to examine our results. These individuals believed that the peak denoted by a (Fig. 2) was the 80S peak and the small peaks beyond this peak (denoted by b in Fig. 2 , which also possessed 18S and 28S rRNA bands) were the polyribosomal fraction. Likewise, small polyribosomal peaks (as observed in our study) have been similarly observed in another study (43) which demonstrated that 3 days of plantaris overload minimally increased heights of polyribosome peaks. Finally, one additional study used a spectrophotometer (vs. a fractionator/UV-vis reader) to measure polyribosome profiles, similar to our spectrophometric methods (41) , and similarly observed a polyribosome peak that was relatively smaller compared with the 80S peak. Thus our experimental measures in concert with what has been reported in the literature gave us confidence in our established procedure despite the absence of larger polysome peaks.
WL5h was selected as the reference point for microarray comparisons for the following two reasons. First, McCarthy et al. (34) reported that 215 genes in mouse skeletal muscle exhibit 3-h circadian rhythms. Importantly, we observed differences (P Ͻ 0.001) in WL5h/WL0h polyribosomal fraction comparisons for circadian mRNAs of Clock, Per1, Per2, Per3, and Bmal1 with ratios of 1.56, 0.55, 0.54, 0.54, and 2.15, respectively (P Ͻ 0.001). Our aforementioned findings proved the sensitivity of our assay in detecting circadian mRNA alterations in the polyribosome fraction. However, given that circadian genes act as transcriptional regulators of other genes (8) , using the WL0h group as a reference for other groups (WL5h, WL29h, WL53h, WL173h, SED) could have introduced false-positive mRNAs that were altered due to circadian differences rather than differences incurred from wheel lock; of note, known metabolic genes affected by circadian genes include MyoD (1), PGC1␤ (1), and 30 other genes involved with lipid metabolism (39) . Second, in most studies of rats, average synthesis rates of total muscle proteins are repressed below the resting rate after intense dynamic exercise, and then recover (14, 40) , so an immediate time point following voluntary exercise might be less informative. In this regard, rats in our study were voluntarily running ϳ120,000 steps per day (ϳ10,000 steps/km), so muscles likely underwent an intense metabolic stress, which may have affected protein synthesis, and thus might have blunted polyribosomal activity at WL0h.
Ankrd2 and Csrp3 mRNA decreases in polyribosomes verified with RT-PCR. We used real-time RT-PCR to confirm that Ankrd2 (P ϭ 0.02) and Csrp3 (P ϭ 0.03) mRNA levels were downregulated in the polyribosomal fraction at WL53h (Figs. 3 and 4, respectively) . Likewise, a subset of animals was euthanized during exercise at 0200 (WL0h, n ϭ 3) to examine the presence of polyribosomal mRNAs during exercise (from polysome microarray analyses, data not shown). It should be noted that Ankrd2 and Csrp3 mRNA in the polyribosomal fraction at WL0h was similar to WL5h, suggesting that translation of these two mRNAs is likely downregulated with inactivity and is minimally influenced by circadian patterns.
Ankrd2 and Csrp3 mRNAs in the whole tissue fraction up to 173 h of forced inactivity. The polyribosomal Ankrd2 and Csrp3 mRNAs observations led to experiment 2 (determination of Ankrd2 and Csrp3 mRNAs in the whole plantaris muscle fractions), which sought to determine whether decreases in their whole muscle mRNA were occurring in similar time frame. The polyribosomal candidates were also extended beyond the time points used in experiment 1 to an additional time point (WL173h and SED) to obtain whole tissue mRNA values in experiment 2. The rationale for new time point was to determine whether a longer period of inactivity (WL173h) would affect these mRNAs and proteins differently relative to our observations in experiment 1.
Using experiment 1 animals (polyribosome experiment) from WL5h (n ϭ 4) to WL53h (n ϭ 4), as well as additional animals for WL5h (ϩ2 for n ϭ 6 total), WL53h (ϩ2 for n ϭ 6 total), WL173h (n ϭ 6), and SED (n ϭ 6), we determined that Ankrd2 mRNA in the whole tissue fraction was downregulated in rat plantaris muscles at time points at 53 h and 173 Fig. 3 . Polyribosomal and whole tissue mRNA fractions of Ankrd2 with up to 173 h of forced inactivity. Left: real-time RT-PCR was used to confirm microarray results that Ankrd2 polyribosomal mRNA levels were downregulated at WL53h compared with WL5h (**P Ͻ 0.025). Right: whole tissue mRNA levels were lower in WL53h, WL173h, and SED animals relative to WL5h (*P Ͻ 0.05, **P Ͻ 0.01). Data are presented as 2
⌬⌬CT mean normalized to WL5h Ϯ SE values; n sizes are presented inside group bars. For groups having RT-PCR performed on different days, WL5h samples were repeated to normalize WL5h to 1.0. Note that statistics were performed on raw ⌬CT values. days of forced inactivity relative to WL5h values (WL5h Ͼ WL53h ϭ WL173h , P Ͻ 0.01-0.05; Fig. 3 ).
Csrp3 mRNA in the whole tissue fraction was downregulated in rat plantaris muscles at 53 h and 173 h of forced inactivity relative to WL5h values (WL5h Ͼ WL53h ϭ WL173h, P Ͻ 0.05; Fig. 4) . Collectively, both findings for declines in Ankrd2 and Csrp3 mRNAs in the whole tissue fraction support an interpretation for forced inactivity-induced pretranslational mechanisms including potential promoter regulation, mRNA processing, mRNA transport, and/or mRNA stability. The findings also imply that decreased polyribosomal loading of Ankrd2 and Csrp3 mRNAs are in large part likely a result of their decreased whole tissue concentrations.
Protein alterations of Ankrd2 and Csrp3 up to 173 h of forced inactivity. We next determined whether the aforementioned changes in Ankrd2 and Csrp3 mRNAs were reflected at the protein level in rat plantaris muscle. Protein levels of Ankrd2 tended to be downregulated in WL53h animals (P ϭ 0.054), but not at WL173h (Fig. 5) . Csrp3 protein tended to be downregulated in WL53h animals (P ϭ 0.09) and was significantly lower in WL173h animals (P Ͻ 0.05) as well as SED animals (P Ͻ 0.01). Results suggest that decrements in 173 h of voluntary running lead to an eventual decrease in Csrp3 protein, a putative mechanical stretch-sensing protein.
In a post hoc fashion, we sought to identify an upstream signaling candidate that is associated with downregulation of Arkrd2 mRNA. We hypothesized that wheel lock would decrease ERK Y202/T204 phosphorylation by WL29h if it were to be responsible for the decline in Arkrd2 mRNA. An exercise effect on ERK protein activation has been observed in previous literature. In the first study, unidirectional increases in ERK protein phosphorylation and Ankrd2 mRNA occurred when mouse diaphragm contractile activity was increased by stretch in vivo (35) . The second study determined that ERK activation occurred in similar direction with increase of endurance-like contractile activity skeletal muscle and that this activation quickly subsided to baseline levels within hours of physical activity cessation (47) . In contrast to these reports, parallel directional changes did not occur in the present study for ERK activation, which was unchanged [tending to increase (P ϭ 0.09)] when voluntary running was decreased from WL5h to WL53h. Thus the observations suggest that decreased daily voluntary running-induced decrements in Ankrd2 mRNA are likely unrelated to inactivity-induced alterations in ERK phosphorylation patterns in our model (Fig. 6 ).
DISCUSSION
Lack of daily physical activity increases some aspects of secondary aging which, in turn, increase vulnerability to many chronic diseases and premature mortality (13, 45a) . However, comprehensive understandings of mechanisms linking inactivity to health defects remain to be made. Experiment 1 posed the question as to whether mRNA occupancy on polyribosomes of the fast-twitch plantaris muscle would be altered by cessation of voluntary running in wheels by WL-induced inactivity. The expectation was that multiple changes in mRNA profiling on polyribosomes would occur after the first night of WL following 3 wk of nightly running. Contrary to our initial hypothesis, 29 h of reduced physical activity by WL did not significantly alter mRNAs in the polyribosomal fraction. Notably, however, at 53 h post-WL, eight mRNAs in the polyribosomal fraction (6 down and 2 up from the approximate 8,200 genes detected in the polysome fraction and from 27,342 potential targets for rat genes on the array) were altered when comparing WL53h to the WL5h control group (Table 1) . The relatively small quantity of mRNAs that decreased in the polyribosomal fraction with forced inactivity suggests that the mRNAs that were downregulated from this fraction may be tightly regulated in a physical inactivity-dependent manner. Since Ankrd2 and Csrp3 mRNAs were decreased on polyribosomes and had previously been identified by our laboratory as decreasing at the mRNA level in soleus Fig. 6 . ERK Y202/T204 phosphorylation patterns in response to WL. Results were normalized to the WL5h group whereby a subsample was repeated on each separate blot. ERK phosphorylation tended to increase in WL53h animals compared with WL5h (P ϭ 0.09). WL173h were significantly lower than WL53h (**P Ͻ 0.01). Note that no difference was seen between WL0h animals (euthanized at 0200, data not shown) and WL5h for p-ERK:total ERK. muscles of young and old aged rats undergoing 10 days of hindlimb casting (38) , these two genes were selected for follow-up analyses in experiment 2, which determined their total mRNA and protein levels during longer WL periods.
Ankrd2 mRNA was lower in the polyribosomal fraction in WL53h rats, while the whole tissue fraction was lower in WL53h and SED rats relative to WL5h rats. The findings collectively suggest that Ankrd2 mRNA is an early responder to decreased contractile activity. Ankrd2 protein contains an ankyrin repeat region, protein destabilizing (PEST) motifs, and a nuclear localization signal although it is found at the Z-disc region of the sarcomere in mature muscle fibers (26) . Knockout of Ankrd2 in mice reveals it functions to provide structural stability within the sarcomere and protects the muscle against eccentric contraction-induced muscle injury. Ankrd2 also possesses a regulatory role in modulating the expression of genes such as titin, MLP, and MyoD (6) . Others have proposed that Ankrd2 protein facilitates skeletal muscle hypertrophy (25) , and potentially assists in muscle repair by acting as a transcriptional coactivator by interacting with transcription factors such as premyelocytic leukemia protein (PML), p53, and YB-1 in vitro (45) . Interestingly, a recent study (9) has used siRNA knockdown against Ankrd2 in myotubes to determine that this gene is important for sustaining normalcy in the expression of genes related to insulin signaling, focal adhesion, MAPK signaling, cytokine receptor signaling, Wnt signaling, and p53 signaling among other identified pathways. This study also determined that Ankrd2 can act as a transcription factor coactivator with numerous other transcription factors that were previously unidentified. These findings suggest that the early decrement in Ankrd2 mRNA and potentially its protein (trend decrease at WL53h) within hours of forced inactivity observed in the present study might link perturbations in insulin signaling and the maintenance in muscle mass with inactivity. Thus it will be of future interest to determine which skeletal muscle mRNAs are potentially transcriptionally coactivated by Ankrd2 and how these mRNAs are affected during longer periods of inactivity given our findings that prolonged inactivity downregulates the total and polysomal mRNA of this gene.
Ankrd2 mRNA expression has been shown to be upregulated in stretched diaphragm muscle by ERK signaling (35) . Likewise, it is known that ERK activation occurs in skeletal muscle during and immediately following forced exercise (47) . Therefore, we tested the hypothesis that ERK phosphorylation would decrease from WL5h in association with the decreased Ankrd2 mRNA. However, we did not observe a significant decline in ERK (Y202/T204) phosphorylation by WL53h, suggesting that the decline in Ankrd2 mRNA at WL53h was not associated with ERK phosphorylation. In the future, it would be of interest to examine for further upstream signals that might downregulate Ankrd2 mRNA with inactivity and, more importantly, the functional consequences of existing in prolonged Ankrd2-deficient states.
As similar to Ankrd2, the Csrp3 gene produces mRNA that rapidly responds to decreased contractile activity. RT-PCR analysis indicated that Csrp3 mRNA in the polyribosomal fraction was significantly decreased in WL53h animals, verifying microarray results. Likewise, mRNA in the whole tissue fraction was also significantly lower in WL53h, WL173h, and SED animals and protein concentrations were significantly lower in WL173h and SED animals, compared with WL5h muscles. The Csrp3 gene encodes a protein belonging to the cysteine-and glycine-rich protein family of LIM domain proteins and is characterized by the presence of two LIM zincbinding domains (46) . Csrp3 also exhibits properties in skeletal muscle such as acting as a transcriptional coactivator (27) , acting as a mechanical stretch sensor by increasing its mRNA and protein level in response to contractile activity (42) , and facilitating myogenic differentiation (2) . Knockout of Csrp3 has shown it to possess an important role in the maintenance of normal muscle function by affecting fiber size, resting sarcomere length, and in upregulating MyoD activity in response to eccentric contraction-induced injury (7) . As with Ankrd2, it will be of future interest to determine the early upstream mechanisms from inactivity that signals the decline in the expression of Csrp3 as well as the functional consequences of these alterations.
Importantly, the temporal downregulation of Ankrd2 and Csrp3 mRNAs in the polyribosomal and whole tissue fractions with forced inactivity yields insightful information on the time frame for initial molecular events that may be occurring in skeletal muscle with a drastic reduction in innate physical activity. Results indicated that the significant decline of Ankrd2 and Csrp3 mRNAs in the polyribosomal fractions at WL53h from WL5h were likely already evident by the time of WL29h. Ankrd2 and Csrp3 mRNA in the polyribosomal fraction had decreased ϳ55% (P ϭ 0.13) and ϳ61% (P ϭ 0.08), respectively, which approached statistical significance at WL29h. Similarly, mRNAs of Ankrd2 and Csrp3 in the whole tissue fraction exhibited patterns of tendencies to decline at WL29h that were similar to the aforementioned polyribosomal declines (ϳ37% and ϳ34% declines in whole tissue Ankrd2 and Csrp3 mRNAs, respectively) that were evident in WL29h rats with these decrements in persisting for up to 173 h of forced inactivity. These observations collectively led us to hypothesize that 29 h following a drastic reduction of inactivity (or even hours earlier) is the time when upstream signaling may potentially interact with promoter regulatory regions of Ankrd2 and Csrp3 genes and/or the 5=-and 3=-UTR mRNA sequences to affect the transcriptional and/or translational efficiency of these genes/mRNAs. Whatever the cause of this transcriptional repression for Ankrd2 and Csrp3 may be, the temporal proximity of these mRNAs in the polyribosomal and whole tissue fractions suggests their decrease in whole tissue fraction could precede their decrease in polyribosomal fraction, and also that these two genes may share a common transcriptional regulation site that is sensitive to contractile activity. Furthermore, we have previously demonstrated that 10-day hindlimb casting (an extreme model of inactivity) similarly downregulates the Ankrd2 and Csrp3 mRNAs in younger (3-4 mo old) and older (30 -31 mo old) male Fisher 344 ϫ Brown Norway rats (38) . Therefore, the decrement in these two mechanosensitive mRNAs seem to not be limited by age, inactivity model, sex, muscle fiber type, and/or strain of animal, which further proves their potential importance in maintaining normal skeletal muscle physiology with regular exercise.
Limitations. For some, a limitation to this study is that relatively young rats (28 -49 days old) rather than adult rats (ϳ20 wk of age) were examined and, thus, extrapolating these data to human adults may be limited. However, an alternative interpretation is that studying the effects of inactivity on the musculature of young animals may provide mechanistic cues that precede inactivity-related diseases. Of particular importance is that younger rats, in general, exist in a healthier metabolic state. For example, 4-wk-old Wistar control rats exhibit lower blood pressures relative to their 20-wk-old counterparts (31) and glucose tolerance has been shown to be lower in 28-wk-old vs. 8-wk-old rats (19) . As espoused in an AHA Scientific Statement (5), a new sense of urgency for primordial and primary prevention strategies has led to investigations for biomarkers and mechanisms that precede the development of the metabolic syndrome and occur during childhood. Thus, while the effects of wheel lock on adult rat skeletal muscle remains to be determined, we posit 1) our findings hold clues as to how inactivity may be initiating skeletal muscle disease in pubescent animals (i.e., deficits in muscle mass accrual, insulin resistance, etc.), and 2) our findings demonstrate molecular phenomena that precede the development of metabolic maladies during adulthood.
Conclusions. In summary, Ankrd2 and Csrp3 mRNAs were uniquely shown to decrease at the 53rd hour of wheel lock in polyribosomal fraction from fast-twitch skeletal muscle. Protein products of both mRNAs have been reported to have putative roles in skeletal muscle adaptation. At the 29th hour of wheel lock, Ankrd2 and Csrp3 mRNA occupancy in the polyribosomal fraction tended to be decreased 55% (P ϭ 0.13) and 59% (P ϭ 0.08), respectively, and their whole tissue mRNAs followed similar trend decrements at WL29h as well. One primary aim of our experiments was to identify candidate genes that quickly respond at the mRNA level in response to forced inactivity. The results presented herein indicate the need for a future upstream experimental approach at earlier time points after wheel lock to identify factors that influence the mRNA expression of Ankrd2 and Csrp3 at and a few hours prior to 29 h of forced inactivity. Such findings could provide leads for future studies that could ultimately further define the molecular milieu of skeletal muscle deterioration during inactive states and assist in the development of potential countertherapies to combat inactivity-associated diseases.
